The theoretical framework of coordination dynamics posits complementary neural mechanisms to maintain complex behavioral patterns under circumstances that may render them unstable and to voluntarily switch between behaviors if changing internal or external conditions so demand. A candidate neural structure known to play a role in both the selection and maintenance of intentional behavior is the basal ganglia. Here, we use functional magnetic resonance imaging to explore the role of basal ganglia in intentional switching between bimanual coordination patterns that are known to differ in their stability as a function of movement rate. Key measures of pattern dynamics and switching were used to map behavior onto the associated neural circuitry to determine the relation between specific behavioral variables and activated brain areas. Results show that putamen activity is highly sensitive to pattern stability: greater activity was observed in bilateral putamen when subjects were required to switch from a more to a less stable pattern than vice versa. Since putamen activity correlated with pattern stability both before and during the switching process, its role may be to select desired actions and inhibit competing ones through parametric modulation of the intrinsic dynamics. Though compatible with recent computational models of basal ganglia function, our results further suggest that pattern stability determines how the basal ganglia efficiently and successfully select among response alternatives.
Introduction
The role of the basal ganglia (BG) in the selection of intentional actions is supported by empirical (Cools, 1980; Kropotov and Etlinger, 1999; Troyer et al., 2004; Cools et al., 2007; Seger, 2008) and theoretical (Mink, 1996; Humphries and Gurney, 2000; Gurney et al., 2001; Humphries et al., 2006; Girard et al., 2005; Ponzi, 2008) contributions. However, how the BG functionally operates in action selection is still a matter of debate. It has been hypothesized that BG may enact a broad inhibition of all patterns coupled with a focused disinhibition of the desired one (Mink, 1996) depending on intention, environmental demand, and the intrinsic salience of actions (Bar-Gad et al., 2003; Gurney et al., 2004) . Thus, BG involvement during action selection and switching may be moderated by key variables that capture the interaction between behavior and environment.
Here, we consider action selection within the framework of coordination dynamics (Kelso, 2009) . A central tenet of coordination dynamics is that switching between patterns depends upon their stability (Kelso, 1995; Swinnen, 2002; Park and Turvey, 2008) , as assessed in behavioral and neuroimaging studies using quantitative measures of stability such as relaxation time, switching time, and variability (Kelso et al., 1992; Mayville et al., 1999; Daffertshofer et al., 2000; Fuchs et al., 2000a,b; Meyer-Lindenberg et al., 2002; Aramaki et al., 2006; Jantzen et al., 2009) . In coordination dynamics, manipulation of key control parameters results in a loss of stability and spontaneous switching to patterns that better meet current demands. The extension to intentional pattern selection and change is supported by behavioral evidence and theoretical modeling showing (1) that intention parameterizes the dynamics and (2) that intentional switching from more to less stable patterns takes longer than the reverse Schöner and Kelso, 1988; Scholz and Kelso, 1990; Lee et al., 1996) . One interpretation of the foregoing holds that the longer switching time is required to destabilize the more stable pattern and simultaneously stabilize the less stable one, a task we hypothesize is mediated by BG and its connected cortical circuitry. Accordingly, transient disruption of major cortical BG targets [supplementary motor area (SMA) and premotor cortex (PMC)] may induce spontaneous switching from less to more stable movement patterns but not the reverse (Meyer-Lindenberg et al., 2002) . These results suggest that intention exerted through BG circuits both acts upon and is constrained by the intrinsic dynamics of coordination.
In the present study, we use functional magnetic resonance imaging in conjunction with an established bimanual coordina-tion paradigm to investigate the role of the BG in mediating the interaction between pattern stability and intentional switching. By defining and manipulating pattern stability (Kelso, 1984; Kelso et al., 1988) , we were able to map the coordination dynamics onto the underlying neural circuitry (Jantzen and Kelso, 2007) . This step allowed us to test the dynamic hypothesis that the active destabilization of a stable pattern concurrent with the selection and stabilization of a less stable one places greater demands on the BG and related neural circuitry than vice versa.
Materials and Methods
Subjects. A total of 12 healthy normal right handed subjects (8 male, 4 female; age range: 28 Ϯ 6 years), participated in this study. All participants gave written informed consent before participating in the experiment, according to the guidelines approved by the Internal Review Board of Florida Atlantic University and conforming to the principles of the Declaration of Helsinki.
Task and experimental procedure. Participants coordinated flexion and extension movements of their left and right index fingers in either anti-phase (AP) or in-phase (IP) mode. The AP mode (Fig. 1A) was formed by alternating finger flexion/extension in a parallel pattern, whereas the IP mode ( Fig. 1 B) was executed by simultaneous flexion/extension of the fingers, resulting in a mirror symmetric pattern. On each trial, participants performed coordinated bimanual movements paced by an auditory stimulus presented at 1.52, 2.0, or 2.5 Hz over MR-compatible headphones. Oscillation frequencies were selected to avoid the critical values at which spontaneous transitions between coordination patterns are known to occur (Kelso, 1984; Scholz and Kelso, 1990) . Before each trial, a visual instruction indicated which pattern to execute. Once on each trial, a change in metronome pitch prompted participants to intentionally switch from the initial to the alternative pattern, that is, from IP to AP or vice versa. The combination of oscillation frequency (or coordination rate) and pattern resulted in six trial types that systematically probed neural mechanisms of intentional switching between patterns of differing stability. Trial types were pseudorandomized in four sessions each consisting of 18 trials. Between each trial, subjects remained still and viewed a centrally presented fixation cross. Each trial lasted 24 s and was followed by a rest period of 14 s. The switch was prompted approximately halfway into each trial. The relative position of the fingers was recorded by changes in pressure within small air-filled pillows that were converted to a voltage, sampled at 1 kHz, and stored together with stimulus and MRI magnet timing signals for off-line analysis.
Image acquisition. Functional BOLD activity was acquired using an echo-planar pulse sequence (TR ϭ 2 s, TE ϭ 35 ms, FA ϭ 90°, FOV ϭ 240 mm, 64 ϫ 64 matrix) on a 3T General Electric MRI (GE Medical Systems). Each volume covered the entire brain and consisted of thirty slices, each 5 mm thick with an in-plane resolution of 3.75 ϫ 3.75 mm. For each subject, high-resolution spoiled gradient-recalled at steady-state images were acquired at the end of the experiment. These images, which have the same in-plane alignment and thickness of the EPI images but better within-plane resolution, were collected as anatomical reference for the coregistration of the functional images.
Behavioral analysis. Behavioral performance was quantified by calculation of the central tendency and variability in relative phase (RP), a key collective variable known to characterize patterns of coordination (Kelso, 2009) . As shown in Figure 1 , A and B, RP was calculated on each movement cycle as the temporal difference between time points associated with the maximal flexion of the left finger (t T ) and the maximal flexion of the right one (t O ), divided by the interval between maximal flexion of the right finger on the current (t O ) and subsequent cycle (t R ). The resulting normalized differences between the fingers were projected onto the unit circle within the range Ϫ180°to 180°, where a positive (negative) value indicated that the right finger was leading (lagging) the left finger. Perfect AP produces a RP of Ϯ180°, whereas perfect IP performance yields a relative phase of 0°( Fig. 1 B, C) . RP thus provides a discrete measure of the coordination pattern. The SD of the RP (RPSD) computed across each trial block provides an operational estimate of a pattern's stability (proportional to the inverse of pattern variability).
The switching time, or the time interval required to discontinue the ongoing pattern and adopt a new one, is a key behavioral measure of the interaction between intention and intrinsic dynamics Scholz and Kelso, 1990) . Operationally, switching time was defined as the time difference between the last movement cycle meeting the RP criterion for the preswitch pattern ( Fig. 1, t 1 ) and the first cycle meeting the RP criterion for the postswitch pattern ( Fig. 1, t 2 ). The aforementioned criterion was defined operationally as Ϯ1 SD of the preswitch and postswitch mean RP. The onset of switching was defined as the final movement cycle before the RP measure deviated from the preswitch pattern criteria on at least three successive cycles. Similarly, switching offset was defined as the first of three consecutive cycles that met criteria for the postswitch pattern. Switching time was defined as the duration between switch onset and offset. Each trial was divided into preswitch (before switch onset), postswitch (following switch offset), and switch (between switch onset and offset) epochs.
Neuroimaging analysis. BOLD data were preprocessed and analyzed using AFNI (Cox, 1996; Cox and Hyde, 1997) . After correcting for slice timing and head motion, the amplitude of each dataset was normalized, spatially filtered using an isotropic Gaussian blur with full width at half maximum of 8 mm, and temporally filtered using a low-pass filter with a cutoff frequency of 0.2 Hz. High-resolution images were registered using FSL (Jenkinson and Smith, 2001 ) to a canonical brain transformed into the coordinate space of Talairach and Tournoux (1988) . The same transformation was applied to the functional images before concatenating the different sessions into a single BOLD time series.
Two sets of analyses were performed at the single-subject level. The first estimated the magnitude of neural activity associated with each coordination rate and pattern. The BOLD signal related to the six experimental conditions was modeled separately for the preswitch, switch, and postswitch epochs, resulting in 18 covariates [(AP, IP pattern) ϫ (1.52, 2.00, 2.50 Hz coordination rate) ϫ (preswitch, switch, postswitch epochs)], each generated by convolving a canonical hemodynamic response function (HRF) with vectors containing the appropriate functional task response and epoch timing. Preswitch BOLD signals were modeled from the onset of the trial to the start of the switch (Fig. 1, t 1 ) . Postswitch BOLD was modeled from the switch offset (Fig. 1, t 2 ) to trial offset, and the switch epoch was modeled in the interval t 1 -t 2 . The second examined the predicted relationship between coordination parameters, switching and brain function. Previous work identified two distributed cortical circuits associated with coordination rate and pattern stability (Jantzen et al., 2009 ). Here, we adopt a similar analysis to investigate how coordination rate and stability relate to neural activity during intentional switching. To this end, the BOLD signal of each epoch (preswitch, postswitch, and switch) was modeled by covariates representing (1) coordination rate, (2) stability of the preswitch pattern (measured by RPSD), and (3) switching time. Additional covariates of no interest modeled offset, drift, and main effects of movement as part of a baseline model.
A random-effects analysis was performed at the group level by voxelwise one-sample t tests applied to each parameter estimate. Multiple comparisons were corrected at ␣ Ͻ 0.05 by applying a combined statistical and cluster size threshold in which clusters of active voxels were considered significant if they exceeded a per voxel threshold of p Ͻ 0.001 and were at least 576 mm 3 in size. The estimated statistical and geometrical significance of activation clusters were computed using Monte Carlo simulation (AFNI's AlphaSim).
Results

Behavioral data
All subjects successfully performed the assigned pattern of coordination across all rates and in the absence of spontaneous transitions. The RPSD, our estimate of pattern stability, was greater during AP than IP coordination for both preswitch and postswitch epochs (Fig. 2 A) . A pattern (IP, AP) ϫ rate (1.52, 2.0, 2.5 Hz) ϫ epoch (preswitch, switch, postswitch) ANOVA performed on RPSD revealed a significant main effect of rate (F (2,156) ϭ 13.63, p Ͻ 0.01), main effect of pattern (F (2,156) ϭ 440.15, p Ͻ 0.01), and pattern ϫ rate interaction (F (2,156) ϭ 3.71, p Ͻ 0.01). The latter interaction results because the decrease in stability (increase in variability) with increasing coordination rate is greater for the AP than the IP pattern.
A similar ANOVA performed on switching times revealed a significant main effect of rate (F (2,78) ϭ 10.55, p Ͻ 0.001) and pattern (F (1,78) ϭ 17.45, p Ͻ 0.001), with no interaction. Switching time is significantly longer when switching from a more stable (IP) to a less stable (AP) pattern (Fig. 2 B) . Accordingly, we observed that the switching time shortened with decreasing stability (increasing variability) of the preswitch pattern.
Functional neuroimaging
Brain regions in which the BOLD signal during the preswitch, switch, and postswitch epochs was significantly correlated with coordination rate, stability of the preswitch pattern, and switching time duration are summarized in Table 1, Table 2, and Table  3 , respectively.
Preswitch epoch
Brain regions in which preswitch BOLD changes correlated significantly with coordination rate and initial pattern stability are shown in Figure 3 . Rate-dependent BOLD increases were observed in bilateral primary sensorimotor cortex, SMA, and STG (Fig. 3A) . BOLD activity was positively related to pattern variability in premotor regions including SMA and dorsal PMC, as well as in bilateral middle temporal gyrus (MTG) (Fig. 3B) .
Switch epoch
Switch-related BOLD activity was not correlated with coordination rate. In contrast, a negative correlation was observed between BOLD activity and initial pattern stability in pre-SMA and bilateral putamen (Fig. 4) . Here, the putamen of the striatum (the input structures of the BG) showed stability-related activity only during switching but not during the preswitch or postswitch epochs, suggesting that stability influences putamen function only during intentional switching.
To further illustrate the relationship between frontostriatal activity and pattern stability, we plotted the normalized BOLD response, derived by normalizing the ␤ weight of each subject across conditions, from the peak voxel in SMA and left putamen during the preswitch (Fig. 5A) , switch (Fig. 5B) , and postswitch ( Fig. 5C ) epochs together with preswitch pattern variability and stability (1/RPSD). During preswitch (Fig. 5A) and postswitch ( Fig. 5C ) epochs, SMA but not putamen activity follows the pattern of variability, being more active when patterns are more variable (or less stable). During switching, inhibition of a more stable pattern in favor of a less stable pattern (IP-AP conditions), required more activity in SMA and Putamen than switching in the reverse (AP-IP) direction. Importantly, the switching-related BOLD activity in SMA and putamen closely followed the stability of the preswitch pattern. Note that Figure 5B plots stability as the inverse of variability to better demonstrate this key relationship. Thus, greater stability indicated by the gray line in Figure 5B signals less variability in the preswitch coordination pattern. Thus, more activity in a frontostriatal circuit is required when switching from a more to less stable pattern.
A switching time covariate investigated the possibility that BOLD activity during switching was a function of switching time as opposed to stability per se. Longer switching times were associated with greater BOLD activity in bilateral cingulate cortex area (Fig. 6) , a region that did not overlap with areas demonstrating either rate-or stability-related activity. Lesions in the cingulate cortex are known to disrupt the spatial and temporal organization of bimanual coordination (Kennerley et al., 2002) , attesting to its general role in the organization of movement (Shima and Tanji, 2000) . Moreover, CMA has been observed during spontaneous transitions (Aramaki et al., 2006) and has been attributed a role in the detection of stimulus-response conflict (Paus, 2001 ). The present correlation between CMA and switching time may be interpreted as CMA involvement during the resolution of a response conflict that persists over the switching duration. Importantly, this analysis demonstrates that activity in putamen and SMA during the switch cannot be attributed only to an alteration in the switching time.
Postswitch epoch
Brain regions in which postswitch BOLD changes correlated significantly with coordination rate and preswitch pattern stability are shown in Figure 7 . Postswitch-related BOLD activity was not correlated neither with preswitch pattern stability or switching time duration. In contrast, BOLD activity was positively related to coordination rate in bilateral precentral gyrus, right SMA, bilateral insula, and left cerebellum (declive).
Discussion
Using the well defined experimental model system of bimanual coordination as a window, we aimed to uncover the neural mechanisms of intentional switching between behavioral patterns, with particular attention to the role played by the BG. Coordination Dynamics provided the conceptual and methodological framework for (1) mapping stability of coordination patterns onto neural circuits and (2) investigating how brain areas related to pattern switching are influenced both by one's intention and the intrinsic dynamics of the behavioral patterns one is switching between. A remarkable result is that the role of putamen in pattern selection and switching is directly connected to the stability of the preceding and ensuing pattern as quantified by the collective variable, relative phase.
Our demonstration of a dissociation between rate and stability-dependent patterns of BOLD activity during preswitch coordination is in keeping with previous findings (MeyerLindenberg et al., 2002; Debaere et al., 2004; Jantzen and Kelso, 2007; Jantzen et al., 2009) . The rate-dependent activity in auditory and motor cortices likely reflects sensitivity to parameters of individual sensorimotor components such as the number of movements (Sadato et al., 1996) , muscle force (Thickbroom et al., 1998) , hand speed (Jerbi et al., 2007) and the rate of auditory Figure 5 . A-C, Normalized BOLD activity in SMA (dashed line) and in left putamen (solid line) during the preswitch (A), switch (B), and postswitch (C) epochs. The left of each panel shows the three coordination rates when switching from the in-phase to the anti-phase (IP-AP) pattern, whereas the right of each plot shows the BOLD amplitude when switching from the anti-phase to in-phase pattern (AP-IP). In A and C, the BOLD activity is plotted together with the SD of preswitch relative phase (solid gray line) to show the relationship between BOLD and pattern variability. In A, activity in SMA (but not the putamen) increases with increasing pattern variability (RSPD). In C, SMA activity shows the opposite correlation indicating activity is now related to postswitch variability. Again there is no relationship of putamen activity to stability. In B, BOLD amplitude is plotted together with preswitch stability (1/RSPD) to show that activity in both SMA and putamen scale with the stability of the pattern, being greater when switching from a more stable to a less stable pattern and vice versa. stimulation (Price et al., 1992; Binder et al., 1994) . In contrast, premotor regions respond to changes in parameters that specify the coordination state of the system as measured by quantities such as relative phase and its stability (Kelso et al., 1992; Meyer-Lindenberg et al., 2002; Jantzen and Kelso, 2007; Jantzen et al., 2009 ).
The present behavioral results corroborate previous empirical observations and theoretical analysis that demonstrates an interaction between intentional switching and the intrinsic dynamics of coordination Schöner and Kelso, 1988; Scholz and Kelso, 1990; Lee et al., 1996) . Like this body of work, we found that the time necessary to switch between patterns was modulated by pattern stability; switching time was longer when transitioning from a more to a less stable pattern than vice versa. Moreover, switching time monotonically decreased with decreasing pattern stability and increasing coordination rate. Within a more general equation of motion that accurately models key coordination phenomena, Kelso et al. (1988) and Scholz and Kelso (1990) represented intention as a single parameter that simultaneously increases the stability of the desired pattern and decreases the stability of the ongoing pattern. When imposed on the natural or intrinsic dynamics of the system, the resulting mathematical description at both coordinated and component levels of description accurately predicts the required switching time . In principle, the complementary and simultaneous processes of inhibition/ selection suggested in the foregoing work are compatible with proposed models for the role of BG in mediating pattern selection and switching. That is, the role of intention is to destabilize the ongoing pattern, cause a switch, and simultaneously stabilize the new, intended pattern.
Although the neural mechanisms underlying intentional switching and their connection to pattern stability have not previously been directly explored, a number of studies have provided evidence that supports our current findings. An important fMRI and PET study by Meyer-Lindenberg et al. (2002) , for example, investigated spontaneous switching between bimanual patterns known to differ in stability, revealing the importance of frontal motor areas in maintaining pattern stability. Kraft et al. (2007) reported enhanced BG activity when initiating anti-phase hand movements but did not show any difference in putamen activity between mirror and parallel patterns during continuous execution, a finding in keeping with the present result that striatum is involved in selecting and switching between patterns in a stability-dependent manner but not in pattern execution per se. Furthermore, Toxopeus et al. (2007) showed BG and SMA activity in response to both movement initiation and inhibition, and Li et al. (2008) detected putamen activity correlated with oscillation frequency in a study on motor response inhibition during a stop signal task. Yehene et al. (2008) further reported deficits in task switching in patients with focal lesions within frontal-subcortical circuits. In the present work, the pattern of putamen activation associated with intentional switching corroborates previous observations attributing to the BG a role in the process of selection of desired actions and inhibition of competing ones (Mink, 1996; Kropotov and Etlinger, 1999; Troyer et al., 2004; Cools et al., 2007; Seger, 2008) . However, a key new finding here is that putamen activity during intentional switching is correlated with pattern stability and that putamen activation is sensitive to the intrinsic coordination dynamics of the selection/inhibition process.
In a previous imaging study on spontaneous transitions between coordination patterns, in which pattern selection is determined by the intrinsic dynamics alone without any influence of intention, BG activity was greater for AP than IP coordination during pattern maintenance, but not during spontaneous transitions (Aramaki et al., 2006) . Based on our interpretation of the BG's role in intentional pattern selection, recruitment of the BG would not be expected during spontaneous transitions. The latter reflect a natural loss of stability of the AP pattern due to spontaneous, self-organizing processes with little or no intentional intervention. It is worth commenting that Aramaki et al. (2006) and others (Debaere et al., 2004) have reported BG activity during the epoch preceding spontaneous pattern transitions, whereas we found no correlation of BG with pattern, rate, or pattern stability before the epoch during which intentional switching occurs. If it is correct to hypothesize that BG activity is modulated by the intrinsic coordination dynamics, in particular by pattern stability, the findings by Aramaki et al. (2006) and Debaere et al. (2004) might be explained by recruitment of the BG for the performance of highly unstable patterns preceding spontaneous transitions. Under this hypothesis, BG would intervene for the maintenance of a less stable AP coordination pattern while inhibiting the inherent tendency for selection of the stable IP pattern under frequency stress. When coordinating at slower rates that preclude spontaneous transitions, as in our paradigm, BG activity may not be required to maintain the ongoing pattern, but would still be recruited in a stability-dependent manner when switching between patterns.
Recent models of information processing in the BG, such as that proposed by Gurney and colleagues (Gurney et al., 2001 (Gurney et al., , 2004 Prescott et al., 2002 Prescott et al., , 2006 Bar-Gad et al., 2003) propose that the striatum compresses cortical information to determine saliency during selection. This approach is in line with that of Coordination Dynamics in which dimension reduction of the coordinating system is accomplished through collective variables and their low-dimensional dynamics (stability, instability, switching, etc.) The next step is to map the dynamics onto neural structures that putatively underlie behavioral coordination (Kelso et al., 1992; Jantzen et al., 2008 Jantzen et al., , 2009 . Our findings that putamen activity during switching was reduced when the intended pattern is compatible with, and thus facilitated by, the intrinsic coordination dynamics suggest that at the neural level, dimensionality reduction is accomplished, possibly within pre- motor cortex, through the representation of pattern stability (Jantzen et al., 2009) . Moreover, processing within the striatum during intentional switching may rely on the representation of stability to exploit the intrinsic stability of coordination and efficiently drive selective stabilization of the desired pattern at the same time as destabilize competing ones.
Previous studies have suggested that BG may be organized on the basis of coordination synergies (Gurney et al., 2001 ) in discrete, parallel cortical-BG loops (Alexander et al., 1986; Hoover and Strick, 1993; Graybiel et al., 1994) and somatotopic connections (DeLong et al., 1985; Flaherty and Graybiel, 1993) . Recent findings suggested that the BG architecture may be suitable to receive limbic, associative, or sensorimotor inputs and to integrate them to generate a measure of relative salience of competitive behaviors. Here, relative salience may be modeled in terms of pattern stability, which is critical for the inhibition/selection process (Gurney et al., 2001) . Evidence in support of this hypothesis comes from the implementation of biologically constrained models of BG architecture in the control of mobile robots during action selection under changing sensory and motivational conditions (Prescott et al., 2002 (Prescott et al., , 2006 . A similar mechanism could explain how BG act during intentional switching, that is, convergent sensory, motor, and motivational inputs may provide the BG with information about the intrinsic dynamics of the ongoing and target patterns, and therefore about the availability of competitive and alternative actions. This form of dimension reduction would allow for a context-specific and flexibly adaptive means of pattern selection and switching.
